This paper presents a new methodology, apparatus design, and the experimental results of ongoing research into the measurement of the mechanical properties of musculoskeletal tissue at the cellular level. A microchamber was constructed that provides a controlled hydrostatic pressure environment for these cells where optical sectioning, via epifluorescence microscopy, was used to acquire volume information about the individual cell. The microchamber was integrated into a hydraulic system that, via computer control, provided a regulated adjustable hydrostatic pressure environment for living cells suspended in culture media. The techniques applied in this study include fluorescent labeling of the cell volume, hydrostatic pressure application, optical sectioning, and digital volume reconstruction. To determine the mechanical response (compressibility) of cultured MG-63 osteoblast-like cells under physiologically high hydrostatic pressures two experiments were devised: In the first experiment changes in volume of 10 cells were measured as the applied hydrostatic pressure was increased from 0 to 7 MPa. Volume changes in response to pressure magnitudes were not significant (p > 0.49). In the second experiment, the mechanical role of the plasma membrane to act as a supportive component in cell compressibility was studied by permeabilizing the membrane of six cells and again applying hydrostatic pressure. Again, no significant volume differences between pressurized and unpressurized cells were found (p > 0.46). A retrospective power analysis of the results of the first and second experiments indicates that the sample size was sufficient. The results of this study show that MG-63 osteoblast-like cells are intrinsically incompressible in the 0-7 MPa hydrostatic pressure range. They also support the hypothesis that the plasma membrane plays an insignificant mechanical role in terms of cell compressibility.
INTRODUCTION I
T HAS BEEN WELL ESTABLISHED that bone remodels in response to the mechanical loads (or strains) placed upon it. Osteoblasts, which synthesize the bone matrix and maintain the local bone health, are believed to be responsible for this remodeling. It has been shown that bone resorption will occur for strains less than about 0.001 and bone deposition will occur for strains greater than about 0.003. 23 How bone cells can sense strain so small is not known. Others have found that these cells respond to hydrostatic pressure by altering Orthopedic Biomechanics Laboratory, The University of Texas Health Science Center at San Antonio, San Antonio, Texas 78284-7774.
WILKES AND ATHANASIOU their internal structure. Several responses similar to heat shock have been reported following exposure of osteoblast-like cells to hydrostatic pressures up to 4 MPa. 17 - 18 These include disassembly of the cytoskeletal components and the appearance of short actin stress filaments around the nucleus, as well as vimentin and a-tubulin disassembly, inhibition of cytokinetic activity, cell rounding, decreased cell area, loss of actin filament organization in the cytoplasm, microtubule disassembly, collapse of intermediate filaments into a perinuclear network, and relocalization of organelles.
It is believed that the mechanism that determines the response of the cell to mechanical forces (mechanotransduction) can be elucidated only through a detailed analysis of the force-response process. However, to develop a good model of cellular mechanotransduction for bone cells, the bulk cellular mechanical properties must first be determined. In this study, the bulk modulus of MG-63 osteoblast-like cells under hydrostatic pressure was determined. In addition, the mechanical role of the plasma membrane, with respect to cell compressibility, was elucidated.
Although no measurements of osteoblast intrinsic compressibility in response to hydrostatic pressure had been done prior to the present study, mechanical properties of some cell constituents had been determined. The cytoplasm generally behaves as a complex viscoelastic material. For strains of up to 40% at low shear rates (lO-MO" 1 sec" 1 ), the cytoplasm has a shear modulus of G = 0.1-1.0 MPa, regardless of the presence of microtubules and intermediate filaments. 29 Up to the point at which deformation will disrupt the matrix structure (yield strain), the cytoplasm behaves mostly as a viscoelastic solid. Beyond the yield strain, the elastic and viscous properties decrease rapidly as a function of shear strain rate. Since the strains normally measured for bone are in the range of 0.03-0.3%, having shear rates in the range of 0.03-1.0 Hz, the cytoplasmic elements are not believed to be disrupted. 19 The yield strength of F-actin and G-actin has been measured at 60 to 290 Pa and less than 2.0 Pa, respectively. 6 Braganza and Worcester 7 subjected isolated synthetic and bacterial lipid bilayers containing cholesterol to a hydrostatic pressure of 200 MPa, resulting in lateral compression within the membrane plane and extension normal to the plane. The net volume change yielded an estimated isothermal bulk modulus in the range K = 1.6 to 10 GPa at 19.0°C. This range of bulk moduli is typical of polymers and organic solids (A" -2 to 5 GPa). On the other hand, proteins have intrinsic bulk moduli of K = 10 GPa, which is equal to slightly higher than that of lipid/cholesterol bilayers. These proteins have 5 to 10 times the bulk modulus of water (K = 1 to 2 GPa), which is a relatively incompressible liquid. 15 There have been studies that attempt to measure the mechanical properties of whole cells, treating the cell as a continuum. Endothelial cells subjected to hydrostatic pressures as low as 0.07 MPa have been observed to result in nonuniform strain in at least two dimensions; however, no volume measurements were made. 22 In another study, 14 swarm rat chondrosarcoma chondrocytes were embedded in an agarose gel which was subjected to a semiconfined axial compression of 5%. Measurements in the unconfined plane and cell shape changes were back-propagated into a linear elastic finite element model yielding an apparent modulus of elasticity on the order of 0.004 MPa and a Poisson's ratio of v = 0.40. Studies of chondrocytes in situ, 31 which were subjected to unconfined axial compression of 20%, resulted in a change in cell volume of 6.3 ± 16.5%. Based on these data, an aggregate modulus was estimated at 0.33 ± 0.24 MPa. 31 The plasma membrane is semipermeable, allowing water to cross freely while being impermeable to ions and large molecules. Conventional thought is that the plasma membrane is solely responsible for the generation and maintenance of ion concentration gradients within the cell. It is believed that disruption of the plasma membrane will allow the ions to dissipate into the extracellular environment. However, studies by Cameron et al. 8~10 showed that treatment of erythrocytes with Brij 58 resulted in partial disruption of the plasma membrane without loss of the cytoplasmic contents. Scanning electron micrography (SEM) analysis of the cells treated with 0.2% solutions of Brij revealed that Brij 58 results in a rapid (less than 5 min) partial disruption of the plasma membrane. They found that treatment of erythrocytes with Brij 58, a nonionic detergent, opened holes greater than 50 nm in the plasma membrane. A microscopic analysis revealed a loss in optical and electron density of the cytoplasmic contents. However, these cells still possessed a distinct boundary demarcation between the cytoplasm and the extracellular environment. Furthermore, the lack of continuous, random (Brownian) motion and the observation that erythrocytes lack a pervasive internal cytoskeleton suggest that the water-holding capacity of both intact INCOMPRESSIBILITY OF OSTEOBLAST-LIKE CELLS erythrocytes and those with disrupted plasma membranes is dependent on the internal hemoglobin protein and not on an intact plasma membrane. 8 " 10 These studies suggest that a major fraction of cellular proteins is not dissolved in cellular water but is bound to the cytoplasmic ground substance. Schliwa et al. 30 found that treatment of epithelial cells with Brij 58 results in partial or complete removal of the plasma membrane and partial extraction of internal membrane-bound organelles without causing massive release of cytosolic proteins from the cytoplasmic ground substance. Microscopic observations of these cells revealed a detergent resistant residue: the cytoskeleton. These researchers envisioned that virtually all cytoplasmic constituents, except small metabolites, are structure-bound, thereby dividing the cytoplasm into a polymeric protein-rich phase and a separate, smaller, water-rich phase. These studies suggest that the plasma membrane may provide a mechanically negligible barrier for preventing cytoplasm exudation. Thus, it may be a reasonable assumption to eliminate the plasma membrane from a continuum mechanics model of the cell. In our study we used Brij 58 to disrupt the cell's plasma membrane, and compared cell volumes and compressibilities both before and after treatment in order to elucidate the membrane's role in cell compressibility.
MATERIALS AND METHODS

Apparatus Development
A mechanical system was designed and built to provide the controlled hydrostatic pressure environment for the cells (Fig. 1 ) . 32 This system consists of the cytochamber, developed by Athanasiou et al., 4 that provides controlled hydrostatic pressure, a membrane chamber to keep fluids separate along the load path, and microchamber for observing the cells under hydrostatic pressure. The cytochamber, developed for previous studies of the effects of hydrostatic pressure on cellular metabolism, includes a stainless-steel tank, hydraulic ram coupled to a linear actuator to provide pressure, a temperature-controlled enclosure, and a closedloop, computer-based data acquisition and control of the stepper motor position. We modified the existing software to provide user control of the hydrostatic pressure, in a stepwise manner, over time while providing real-time graphic and numerical display. The microchamber provides a miniature, transparent, pressurizeable chamber on the stage of the microscope, and contains the cells in a fluid suspension. The maximum measurable pressure of the apparatus was 7.0 MPa. This was considered sufficiently high to include physiological pressures. 
WILKES AND ATHANASIOU
The design constraints on the microchamber were not only that it comply with the optical and dimensional characteristics of the microscope used for optical sectioning, but also that it contain the internal fluid pressure for repeated cycles. Optical sectioning microscopy requires that objective lenses with high numerical apertures be used. Our lens choice was an Olympus 100X/1.25 NA D-Plan/oil immersion lens, which has a working distance of 0.17 mm. A cross section of the microchamber (Fig. 2 ) reveals the internal structure, which consists of a 1.5-mm-diameter glass pipette segment installed into a polymer housing. One end of the pipette is sealed, while the other end is coupled to the pressure system via 1.6-mm-o.d. stainless tubing. The surrounding polymer provides the needed wetting area to keep the immersion oil from draining off the objective lens during imaging. With this design, the cells in suspension settle against the lower inside surface of the pipette where they are brought into focus by the objective lens. Optical distortion due to the curvature of the inner surface of the glass pipette was considered and deemed negligible because of the relative size of the cells (10-20 /o,m diameter) compared to the curvature of the glass (>1000 (Mm diameter).
For our plasma membrane disruption study, a means was needed to add the Brij 58 detergent to the solution surrounding the cells during imaging and pressurization. This was accomplished by injecting a detergent solution (20% Brij 58 in DMEM) with a gas syringe (Hamilton, model 1800) with the needle inserted into the pipette, where the needle tip is located 5 mm from cells being imaged. This syringe has a lockable plunger shaft that, when locked, prevents pressure from causing backflow through the needle into the syringe. At the beginning of each experiment the loaded syringe was inserted into the microchamber and fixed by an adapter we constructed (Fig. 3) . 
Image Acquisition and Optical Sectioning
Optical sectioning microscopy has been used by others 112 - 21 to acquire serial sections of microscopic objects in a nondestructive manner, allowing the digital reconstruction of cellular and subcellular structures. The objective lens' numerical aperture is the most important aspect of the microscope optics for optical sectioning. A high numerical aperture results in a small depth of field of the image, yielding sharp optical sections and high axial resolution. 20 Imaging of the cells in our study was accomplished with an inverted optical microscope equipped with Sony AVC-D7 Charged-Couple Device (CCD) video camera, with an IP-8 frame grabber/image processing board (Image Pro, Media Cybernetics, Inc.) installed on an IBM-PC workstation (486-DX2, 66 MHz) equipped with Image Pro image analysis and processing software.
Appropriate optical sectioning is achieved by acquiring sections at precise equidistant intervals. Optical sectioning was controlled by a stepper motor that was coupled to the r-axis stage (focus control), providing digital control of the optical sectioning in 0.1 jum increments. When fluorescent dyes are used, the optical sectioning should be done as quickly as possible to minimize the exposure of the photofluores to the excitation light source in order to reduce photobleaching (loss of fluorescence). We developed a computer program, called the Rapid Optical Sectioning Script (ROSS), to provide control of the z-axis stage stepper motor while simultaneously commanding the image acquisition system to acquire the optical sections. ROSS integrated motor commands subroutines, which were DOS-based executable programs, into an ImagePro macro script that executed the imaging acquisition and processing commands. During the ROSS execution these images were acquired by the CCD camera (as 256 x 256 pixel 8-bit grayscale images) and stored in RAM. The resulting dataset (referred to hereafter as "scan") is acquired in 16 sec and is comprised of 32 optical sections spanning 36.5 /xm with dz = 1.188 /im between sections. With our 100X objective, the pixel resolution of each image is 0.269 /Am/pixel.
The appearance of microscopic objects is highly affected by changes in the refractive indices of the media through which the light must pass before reaching the objective lens. Changes in the path of these light rays occur wherever the ray crosses a boundary between substances with different refractive indices, ac-cording to Snell's law of refraction.
1 ' Distortion of the ray path of emission light from the fluorescing cell can occur at the boundary between the cell and the surrounding media and has been well described. This distortion can affect measured cell volume, as well as cell shape when the cell is optically sectioned and reconstructed. We found it necessary to increase the refractive index of the media to match that of the cells, as closely as possible. Quantitative reflection microscopy has been used 6 to measure the refractive index of the cytoplasm of mammalian cells in culture, yielding a range of n d = 1.35 to 1.37, except at points of cell attachment where it is higher n d -1.38 to 1.40. Others 27 have found the refractive index for fibroblasts to be centered around n d = 1.37. The most widely accepted technique for increasing the media refractive index to match that of cells is by adding bovine plasma albumin (BSA) to the media. 28 Prior to each of our experiments 200 mg/ml BSA was added to the cell suspension, raising the refractive index to a calculated n d = 1.367.
Optical distortion also occurs at the boundary between the glass of the microchamber (n d -1.516) and the cell suspension media (n d = 1.367). The distortion here is uniaxial and uniform and results in a contraction in the actual spacing between optical sections. To determine the actual spacing between optical sections, relative to the spacing between imaging steps in terms of stage displacement dzy, a scaling factor, was employed:
where C zr is the z-axis scaling factor, and n a and n b are the refractive indices of the objective lens immersion oil and cell suspension media, respectively. We found C zr = 0.902. Three-dimensional reconstructions, obtained by stacking up the serial optical sections, tend to be elongated along the z-axis because of the contribution to each image from out-of focus haze.
2 Although this effect is minimized by utilizing epifluorescence, which focuses the excitation illumination at the focal plane, a significant contribution of out-of-focus haze, originating primarily from the neighborhood nearest the plane of focus, is added to each image. We found that three-dimensional reconstructions of 15.5-/xm-diameter fluorescent latex microspheres (Cat. no. L-5111, Molecular Probes, Inc.) yielded prolate ellipsoids. It was possible to restore these ellipsoids back to spheres by applying a correction factor to the optical section spacing:
where R a is the aspect ratio of the prolate ellipsoid. We found C Z h = 0.633. The virtual spacing between optical sections that was used for our three-dimensional reconstructions was computed as
yielding d zf = 0.678 /xm.
Cell Reconstruction and Volume Measurement
Volume reconstructions of the microspheres and cells were accomplished by using software called VoxBlast (University of Iowa Image Analysis Facility), installed on UNIX platform. In each reconstruction a three-dimensional volume of digital information is created by linear interpolation of the dataset along the z-axis. The portion of this volume that describes the cell was determined by a thresholding technique called autosegmentation, which is a flood fill routine that, starting with a set of seed voxels, finds and identifies all contiguous voxels with index values that fall within user prescribed upper and lower thresholds. The autosegmentation subroutine computes the number of contiguous voxels and calculates the volume based on the pixel size and corresponding voxel volume. The lower threshold was determined by tracing the cell boundary in a brightfield image and adjusting the threshold value of the fluorescent image until the area of a cross sections matched. The upper threshold was set at the brightest grayscale index value, 255.
INCOMPRESSIBILITY OF OSTEOBLAST-LIKE CELLS
Photobleaching (loss of fluorescence) occurs with prolonged exposure of the fluorophore (fluorescent molecule) to the excitation light and is accelerated with increased light intensity. Photobleaching is generally nonrecoverable and has proved to be a significant challenge to the methodology of this study. Photobleaching poses a problem for volume reconstructions based on thresholding, since the threshold that defines the cell boundary must be adjusted to compensate for the diminishing gray-level values of subsequent images. To compensate for this effect, the "light mass" of each scan, measured by the ROSS program during optical sectioning, in combination with an estimated background noise offset, was used to compute a scaling factor to adjust the autosegmentation threshold for each set of images. Our assumption was that the loss of fluorescence and the drop in the index value of pixels in the images were linear over time for a constant excitation intensity (Fig. 4) . It was also assumed that the cell was transparent and that the fluorescent probe was sufficiently dispersed so that any considerable change in cell volume would not concentrate the distribution of the fluorescent probe enough to result in light attenuation due to occlusion of the probe molecules with each other. The scaling factor for each scan, sf,, was derived as where Cf is the light mass value for the final scan, and ?o an d U are the threshold values required to produce an equal volume measurement for the same initial and final scans, respectively, both at a fixed pressure of 0 MPa. Thus, the compensated autosegmentation threshold for each scan, f,, becomes h = to (6) where to is the initial threshold for the reconstruction of the first scan and sf t is the scaling factor for the current scan. 
Cell Compressibility Measurements
For each experiment, approximately 2 X 10 6 MG-63 cells were trypsinized from a monolayer culture, rinsed, and then resuspended in fresh DMEM. The cells were labeled with the fluorescent viability indicator, Calcein-AM (Molecular Probes., Inc.) which gives a bright signal throughout the cell. This acetoxymethyl ester derivative is colorless and nonfluorescent until it crosses the cell's plasma membrane and is hydrolyzed. After fluorescent labeling, the cells were rinsed again and resuspended in fresh DMEM containing 200 mg/ml BSA. For each experiment the cells were placed into the microchamber while in suspension. Within 15 min, most cells had settled against the lower inside surface of the microchamber glass, where they became stationary and could be imaged. Next, a specific cell or group of cells in the microchamber was brought into focus by the microscope, and a set of serial optical sections was acquired at ambient pressure (0 MPa). The hydrostatic pressure was then increased, and new optical section sets were acquired of the same cell at each of the following pressures: Ap = 0, 0.1, 0.25, 0.5, 1.0, 1.5, 2.0, 3.0, 5.0, and 7.0 MPa, followed by a final scan at Ap = 0 MPa (Fig. 5) . If we assume linear isotropic elasticity for the cellular continuum, the bulk modulus, K, of the intracellular continuum can be found from known pressure and volume changes, Ap and AV, respectively as . Pressurization protocol, which shows the application of hydrostatic pressure to the cells in a stepwise fashion with a cellular volume measurement at each step, followed by a volume measurement at the initial ambient condition (0 MPa), for the compressibility study (upper graph) and the plasma membrane permeabilization study (lower graph).
We conducted a preliminary study to determine the effect of the Brij on the MG-63 cells: 10 /nl of a 20% Brij solution in DMEM was injected directly into the microchamber pipette (having a volume of 30 /xl) containing the cells in suspension in DMEM, resulting in a net concentration of approximately 7% Brij in DMEM. Observation of the cells before and after addition of the Brij in five repeated trials showed complete disruption of the plasma membranes (lysis) of cells, beginning for some cells at 18 min, and extending to all cells by 30 min after Brij exposure began.
The plasma membrane experiment consisted of measuring the volume versus pressure response of an individual MG-63 cells, injecting the Brij solution, waiting 5 min for the detergent to permeabilize the plasma membrane, and repeating the same volume versus pressure measurements on the cell. Since photobleaching of the fluorescent probe limits the number of scans to approximately 10, the number of pressure steps in the experiment were reduced. Volume measurements were made of the cells at Ap = 0, 0.1, 1.0, and 4.0 MPa, followed by a final scan at Ap = 0 MPa (Fig. 5) .
RESULTS
At each stage of the design and construction of the apparatus each of the elements was tested and proved under pressure. The microchamber consistently withstood repeated pressurization cycles from 0 to 7.0 MPa without leaking. The membrane chamber as well as all hydraulic connections throughout the pressure system were demonstrated to be safe and reliable without leakage at repeated cycles of full load. The continuity of the hydrostatic pressure load path within the system was verified by injecting small air bubbles into the cell chamber and observing the collapse of these bubbles as hydrostatic pressure was applied.
The volume measurement technique was calibrated by reconstruction of a fluorescent object that had the same approximate size and shape as the MG-63 cell in suspension. To accomplish this a single fluorescent latex microsphere of known size (15.5 ju.m diameter) and estimated volume (1950 ^u-m 3 ) was suspended in glycerol, which has a relatively high refractive index (n d = 1.47), and scanned and reconstructed repeatedly (24 times). The measured volume of this reconstructed microsphere was 1932.56 ± 9.53 SD ^m 3 ( ± 0.5% SD). The volume rendering suite of the VoxBlast software was used to visually verify the shape of the reconstructed microspheres (Fig. 6) .
Human osteoblast-like cells (MG-63s) were selected for this study because their biostructural responses to physiologically high hydrostatic pressures have already been characterized. 17 - 18 In addition, this cell line lends itself to sustainable cultures and was hardy enough to endure the protocol of our study. ) is of the same cell, and was acquired at the same plane of focus with the brightfield light source cut off and epifluorescence mode engaged. Although the intensity of the fluorescence appears to be less toward the edges of the cell, it is clear that the Calcein-AM dye is dispersed continuously throughout the cytoplasm. The three views of the reconstructed cell (lower row) show that its shape is not exactly spherical. The granular appearance of the cell surface is due to the digital nature of the reconstruction process, that is, the "grains" one sees are the actual voxel volume elements.
Optical sections and a reconstructed MG-63 cell from one of our cell experiments are provided in Figure  7 . Volume measurements were collected for 10 cells at the prescribed pressures to determine cell compressibility (Fig. 8, upper graph) . No statistically significant differences were observed as a function of applied pressure (p > 0.49). All but one (Ap = 1.0) of the mean cell volume changes at various pressures were slightly positive. Since compressive forces cannot result in increased volumes, all positive values were regarded as noise and only the negative changes in volume were considered in a retrospective power analysis. The objective of such analysis was to examine if the number of specimens tested was sufficient. In other words, was the lack of statistical significance due to the rather small sample size of n -10? The power was calculated for n = 10 (power = 0.051) and n -500 (power = 0.056), indicating that more data points would not show significant volume changes as hydrostatic pressure was applied.
To measure the effect of Brij treatment on MG-63 cell compressibility, volume measurements were made on six cells at the prescribed pressures both before and after (t > 5 min) detergent treatment (Fig. 8, lower  graph) . We found that all but one (A/? = 0) of the mean cell volume changes at various pressures were slightly positive. A one-tailed t test revealed that changes under various pressures were nonsignificant, with p > 0.46. The power was calculated for « = 6 (power = 0.060) and n -500 (power = 0.232), indicating that a larger sample size would show no significant change in cell volumes, with or without the plasma membrane permeabilized.
DISCUSSION
The results of our cell compressibility study show that the cells are incompressible in the range of 0 to 7 MPa. However, it would be presumptuous to conclude that the bulk modulus is infinite. A certain amount of noise is characteristic of physical measurement systems, and an attempt to characterize the noise generated in this apparatus might be informative. As mentioned earlier, the standard deviation of the microsphere volume measurements (at ambient pressure) was ±0.5%. If this variation in volume is inserted into the equation for calculating bulk modulus (Eq. 7) along with the 7.0 MPa maximum system pressure, we find that the noise of the system in terms of microsphere bulk modulus measurement is A^s = 1400 MPa. This can be interpreted to indicate that a microsphere with a bulk modulus greater than 1400 MPa will seem to be incompressible when measured by our method. A similar estimate of the noise level in measurements of the bulk modulus of live MG-63 cells based on the maximum standard deviation in volume change measured, cr AV //\ -0.089, shows that the bulk modulus of the cells can be resolved up to about A" res = 70 MPa. Thus, cells with a bulk modulus higher than this value will seem incompressible.
These results suggest that there is no large compressible phase within the cells, such as would be expected if there were a volumetrically significant dissolved (or free) gas phase or compressible solid phase Cell Volume Change ± s. with a relatively low bulk modulus. Furthermore, this inference is supported by our knowledge of the relatively incompressible basic constituents of cell matter: water, proteins, and phospholipids.
It is important to note that these results appear to contradict those obtained by Landsman et al. for endothelial cells. 22 In their study, cell strains were noted for applied hydrostatic pressures as low as 0.07 MPa. However these strains were nonuniform and not characterized except that they occurred in the plane of the cell's plasma membrane, that is, no volume changes were noted. The changes in chondrocyte cell volume noted in the studies by Freeman et al. and Guilak et al. 1416 were for cells compressed by simultaneous hydrostatic forces and axial forces. The resulting axial strains of the extracellular environment, and of the cells, may have forced water out of the cell through the semipermeable plasma membrane. In our study, only hydrostatic pressure was applied to the cells and no such volume change was measured.
The results of our plasma membrane disruption study showed no significant change in cell volume, either due to plasma membrane disruption at ambient pressure or to application of hydrostatic pressure to the permeabilized cell. These results show that the plasma membrane plays no significant mechanical role in terms of cell compressibility. Changes in cell volume can occur, however, if water is forced out through the semipermeable plasma membrane by anisotropic compression loads (or anisometric strain). As a consequence, rapid changes in cell volume due to water loss, which cause an increase in the solute concentrations within the cell, would generate an osmotic back-pressure across the plasma membrane, trying to force some water back in. This effect would be relatively insignificant, however, for sufficiently small deformations of the cell.
These results are significant, in particular, with respect to the modeling of cell mechanics. If the data are interpreted to show that the cells are indeed intrinsically incompressible, then the linear KLM biphasic theory 2526 can be used, as is, to mechanically model the osteoblast cell. This model, developed and proven in studies of the mechanical properties of articular cartilage, 3 -5 assumes an intrinsically incompressible binary mixture consisting of an incompressible liquid phase and an incompressible, porous solid phase, that, as a mixture, is compressible through fluid exudation only. The KLM biphasic model assumes that in addition to the cytoskeletal solid phase being linearly elastic, the strains are infinitesimal; the cytoplasmic fluid phase is inviscid, and the inertia forces are negligible. In this model viscosity is present due to frictional interactions between cytoplasmic fluid and cytoskeletal solid and causes the cytoplasm to behave viscoelastically. With this model, fluid exudation cannot occur due to hydrostatic pressure alone but would require anisometric strain. Had our study indicated that cells were intrinsically compressible (i.e., under hydrostatic pressure), the linear KLM biphasic theory would have to be rederived with the assumption that one or both of the two phases were compressible. This would increase the number of material properties, necessitating a rederivation of the constituent equations and the development of a new model. An even more accurate formulation of the problem should include the assumption of solid phase intrinsic viscoelasticity, 24 since the cytoskeleton is considerably weaker than the collagen/proteoglycan network in soft hydrated tissues, to which the linear KLM theory has been applied.
If the cell is truly incompressible, then hydrostatic pressure will not induce mechanotransduction via a strain energy term. Thus, application of hydrostatic pressure in vivo, which does not result in immediate cell volume or shape changes, yet which results in biochemical activity, must act on the cell via another pathway, such as streaming potentials in the bone structure or other biochemical factors. For example, heat shock-like responses of MG63 cells to hydrostatic pressures 17 -18 may be explained by coupled electromechanical, mechanochemical, or even electromechanochemical mixture theories. Such theories will be necessary to effectively study mechanotransduction under purely hydrostatic pressures.
In our study we have two known sources of error. Variability in repeated volume measurements of the same cell was due primarily to the influence of the automatic gain control (AGC) of the CCD camera, which resulted in variations in the gray levels, and hence drifting of the cell boundary during reconstruction. The second source or error was photobleaching, which required downward adjustment of the cell boundary threshold value during each reconstruction, resulting in the loss of resolution that occurs when the autosegmentation threshold had to be changed between scan sets to compensate for this effect. Since the threshold is an integer (ranging from 1 to 128) changes in the threshold value left us with a volume measurement resolution loss at least 1 to 3% for each incremental threshold decrease. Corrections for both sources of error were adequately compensated for by the techniques described earlier. Future experimentation could benefit greatly from the use of an imaging camera that has a higher gain (without AGC), which would allow for lower excitation light levels, eliminate image intensity drift, and thereby increase the resolution of volume measurements by at least one or two orders of magnitude. The apparatus and techniques developed in this study for measuring volume changes in osteoblast-like cells can be used to study hydrostatic effects on other cells, such as fibroblasts, epithelial cells, osteocytes, osteoclasts, chondrocytes, erythrocytes, etc. Studies at pressures greater than 7.0 MPa should be possible with only minor equipment modifications. In addition, changes in cell shape and volume could be recorded over time as cells were allowed to attach to the microchamber passage surface. 
NOMENCLATURE AND VALUES OF PARAMETERS EMPLOYED
